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ABSTRACT: The risk of foodborne diseases has increased over the last years. We have
developed a simple, portable, and label-free optical sensor via aptamer recognition of
Staphylococcus aureus at nanostructured plasmonic elements. The developed aptamers
conjugated to a localized surface plasmon resonance (LSPR) sensing device were
applied in both pure culture and artificially contaminated milk samples enabling a limit
of detection of 10> CFU/mL for S. aureus in milk. There was no need for a pre-
enrichment step, and the total analysis time decreased from 30 min to 120 s. Finite-
difference time-domain was used to simulate the experimentally measured optical
responses for a range of different sensor designs (100 and 200 nm disks), addressing the
role of the near field and intrinsic refractive index sensitivity. A comparison of the
aptamer to antibody-based recognition approaches showed that the thickness of the
sensing layer was critical with a significantly larger response for the thinner aptamer
layer. Comparison of differently sized metal nanostructures showed a significantly
higher sensitivity for 200 nm diameter compared to 100 nm diameter disk structures
resulting from both increases in bulk refractive index sensitivity and the extent to which the local field extends out from the metal
surface. These findings confirmed that the developed gold nanodisk-based LSPR sensing chips could facilitate sensitive detection of
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S. aureus in food samples.
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B INTRODUCTION

Foodborne bacterial diseases have increased over the last few
years' > caused mainly by the pathogens Salmonella
typhimurium, Staphylococcus aureus, Listeria monocytogenes,
and Escherichia coli,” resulting in many deaths.”’ S. aureus is
a Gram-positive, widespread, and highly virulent pathogen.
Around 70% of strains are considered enterotoxigenic;6 thus
the potential for food poisoning still exists even with
pasteurization, as the enterotoxin is heat resistant.”’ S. aureus
has been found in various minimally processed foods and ready
to eat foods® "' Further complications in treatment arise as
antibiotic-resistant strains, such as methicillin-resistant S.
aureus, have become more prevalent. Detection and diagnosis
of pathogens in the food, in the environment, and at the point
of care have been areas of strong technological development.
However, conventional culture methods remain the most
widespread technique for foodborne pathogen detection
despite the slow response (days). Developments to improve
sensitivity, rapidity, suitability, and specificity have been
underway leading to methods including both optical and
electrochemical approaches, for example, enzyme-linked
immunosorbent assay'” and real-time polymerase chain
reaction (PCR)," electrochemical sensors,'” impedimetric
immunosensor,"* and surface plasmon resonance sensors.'® A
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trend in detection and measurement approaches has been
toward label-free and rapid assays. Localized surface plasmon-
based sensors are one promising approach that can provide
compact and ultrasensitive measurements based on refractive
index changes during recognition events.

Localized surface plasmon resonance (LSPR) has shown
high performance for the detection of small biomolecules,'”
protein—protein interactions,'® surface binding events, and
pathogen detection®'”~*' because of their high reproducibility,
sensitivity, and label-free detection in real time.”*~° Nagatsuka
et al. have demonstrated LSPR detection systems for biological
toxins that utilize glyco-chips with sensitivity down to 10—30
ng/mL.>* Label-free LSPR for DNA detection was successfully
demonstrated with an achievable limit of detection (LOD) of §
nM with 2 h hybridization of target DNA.”” Plasmonic-based
biosensors were used successfully at the POC.**
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Figure 1. Hole-mask colloidal lithography. The schematic illustrates the fabrication process for creating arrays of gold nanodisk. (A) PMMA layer
deposited on a silica substrate coated with a charged polyelectrolyte triple layer; (B) self-assembly of colloidal polystyrene particles onto the
surface;. (C) deposition of 20 nm of Ti as a mask layer; (D) tape stripping of the deposited particles; (E) etching of the PMMA layer underneath
the holes; (F) deposition of Ti (adhesion layer) and then Au to create structures; and (G) final surface with Au nanodisk arrays after lift off.

Typically LSPR sensors have been exploited to detect
biomolecules which match well to the small detection volume
of the metallic nanoparticles and can be applied to detect
molecular components of bacteria® but have also been applied
to detect intact viruses and bacteria.”’ ' One approach
utilizes nanoparticles adhered to bacteria and consequent
surface enhanced Raman spectroscopy read out,”> another
detects aggregation of nanoparticles the surface of bacteria®
and represent batch processes for the detection of bacteria.
The use of refractive index measurements rather than
spectroscopic enhancement or aggregation assays has the
potential to provide a more quantitative comparison, albeit
often with a relatively poor detection limit. In all LSPR
approaches, the localization of the sensitive region close to the
metal surface limits the types of molecular detection systems
that can be used. The use of lithographically surface attached
particle allows the tuning shape and size giving control over the
extent of the nearfield and spectral position® which can
enhance sensitivity.””

In this study, we have developed a simple, portable, and
label-free optical sensor via an aptamer recognition of S. aureus
at nanostructured plasmonic elements. We optimized the
sensor performance via lithographic control, showing a better
outcome for larger plasmonic elements (200 vs 100 nm) and
compare experiments to simulations of optical response (finite-
difference time-domain—FDTD) for different designs specif-
ically addressing the role of the near-field and intrinsic
refractive index sensitivity. By tuning the detection readout
to the near-infrared, a good sensor performance in a food
matrix (milk) was demonstrated which has potential to be
applied in a critical control point (CCP) evaluation of bacterial
contamination levels.

B EXPERIMENTAL METHODS

Materials. Glass coverslips (#2.25 mm diameter and 25 X 60 mm)
were purchased from Menzel-Glaser (Germany). PMMA A4
(polymethylmethacrylate) MW 495,000, at 4% concentration in
anisole was purchased from Micro resist technology GmbH
(Germany). PDDA (poly(dimethylammonium chloride)) and PSS
(poly(sodium-4-styrenesulfonate)) were purchased from Sigma-
Aldrich (DK). PAX-XL60 (polyammonium chloride) was purchased
from Kemira Miljo (DK) and sulphate-modified polystyrene colloidal
particles of 100 nm or 200 nm in water were purchased from
Invitrogen, sulfur N-hydroxysuccinimide (S-NHS), 16-mercaptoun-
decanoic acid, (TCEP) tris(2-carboxyethyl)phosphine hydrochloride,

(6-mercapto-1-hexanol), N-(3-dimethylaminopropyl)-N-ethylcarbo-
diimide (EDC), and protein A were purchased from Sigma-Aldrich
(DK). Ibidi sticky-Slide VI 0.4 were purchased from Ibidi Germany.
Anti-S. aureus mouse monoclonal antibody (ab37644) was purchased
from Abcam.

The following DNA aptamers sequences were ordered from
Metabion, Germany.

Specific aptamer for S. aureus: sequence: 5'-thiol-C6-TCC CAC
GAT CTC ATT AGT CTG TGG ATA AGC GTG GGA CGT CTA
TGA-3,*° (no. bases: 45) & E. coli: sequence: 5'-thiol-C6-ACG GCG
CTC CCA ACA GGCCTC TCC TTA CGG CAT ATT A-3/, (no.
bases: 37) S. aureus ATCC 8325-4, Bacillus subtilis DSM-10 and E. coli
strain ATCC 8739 (Crooks strain) were used in all experiments.

Methods. LPSR-Apta Sensor Design. A first sensor design has
made use of a combination of lithographically produced gold
nanodisks prepared by colloidal lithography and a DNA aptamer
recognition unit.

Nanostructure Fabrication. Gold disks with a nominal diameter of
100 or 200 nm are deposited onto glass slides using a standard hole-
mask colloidal lithography (HMCL) method®” as illustrated in Figure
1. Briefly, the glass substrates were cleaned with an acetone treatment
followed by exposure to oxygen plasma (100 W, 25 mTorr for 15 min,
Vision 300 Mark II, Advanced Vacuum AB Sweden). The cleaned
samples were spin-coated with a 4% solution of PMMA in anisole at
3000 rpm followed by 2 min on a hot plate at 180 °C to produce an
approximately 160 nm thick film. The surface of the polymer was
given a net positive surface charge by coating with three sequentially
deposited polyelectrolyte layers (PDDA, PSS, PAX). A colloidal
monolayer of negatively charged polystyrene particles (sulphate
modified) of 100 or 200 nm size was then deposited onto the polymer
layer by electrostatic self-assembly (100 nm particles, 0.2% in
deionized water, 60 s incubation time; 200 nm particles 0.2%
concentration in deionized water, and 30 min incubation time). A
metal hole mask was formed by the deposition of 20 nm Ti by
physical vapour deposition (PVD) (Cryofox GLAD, Polyteknik A/S
DK, deposition rate 0.2 A/s, base pressure <1077 Torr), followed by
the removal of the particles by tape stripping. The samples were then
etched for 10 min in oxygen plasma ((50 W and 25 mTorr) to
remove the PMMA layer below the holes in the hole mask.
Subsequently, 20 nm of gold with a 2 nm Ti adhesion layer was
deposited through the hole mask by PVD (deposition rates 0.5 A/s
for Ti and 1 A/s for Au, base pressure <10~7 Torr) followed by lift-off
in acetone. Finally, the samples were dried under flowing N, gas and
cleaned via UV/ozone (minimum 30 min in a home built UV/ozone
oven) followed by immersion for 1 h in deionized water to reduce the
oxidized old generated during UV/ozone treatment back to gold
metal. Scanning electron microscopy (Magellan TM XHR SEM, FEI)
was used to characterize the samples and determine the disk size and
inter-disk distances. AFM (Bruker Dimension Edge) was used to
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check the heights of the disks. UV/vis spectrophotometry was carried
out, (Shimadzu 3300, Shimadzu Japan) to monitor the optical
extinction of the nanostructures from 500 to 900 nm wavelength for
100 nm Au disks and from 600 to 1400 nm wavelength for 200 nm Au
disks.

Examination of the S. aureus Aptamer Specificity. In the
developed flow-based sensing system, bacterial strains were identified
using the aptamer as a recognition linker between the cells and the
sensing elements of the gold nanodisks. A homogeneous gold-coated
surface was functionalized with a specific aptamer to examine the
specificity of the S. aureus aptamer.

Glass substrates of 25 X 60 mm 0.13—0.16 mm standard thickness
(Hounisen) were first cleaned with ethanol and then oxygen plasma
(100 W, 25 mTorr for 15 min), and then the surface was coated with
a 15 nm Au layer with a 2 nm Ti adhesion layer by PVD as before.
The substrate was mounted with an Ibidi 6-channel “sticky slide”
flow-cell system. S. aureus aptamer (100 uL;20 uM) in phosphate-
buffered saline (PBS) was added into two channels of the Ibidi flow-
cell and incubated under static conditions overnight. S. aureus, at a
concentration of 109 CFU/mL, was introduced into one-channel
prefunctionalized with the S. aureus-specific aptamer and into another
channel with bare gold. Meanwhile, E. coli at a concentration of 108
CFU/mL was introduced into a channel previously functionalized
with the S. aureus-specific aptamer, all surfaces were exposed to the
bacterial cell innoculates for 30 min. The attached cells were imaged
by fluorescence microscopy and counted using Image] software.

Self-Assembly of the Aptamer Sensing Layer onto the LSPR
Nanostructures. Smaller pieces (25 mm diameter) of the fabricated
sensor chips were introduced into a homemade flow system allowing
in situ optical characterization. The flow chamber consisted of two-
glass sided walls in a holder with one side being the LSPR chip. A
syringe pump controlled the flow rate of PBS. Extinction spectra
(350—1050 nm) were measured through a ~1 mm thick chamber
using a fiber optic-based light source and spectrometer (B&W Tek
Germany). Before introducing the thiolated aptamer to the system, it
was necessary to reduce the disulfide to obtain the free thiol from the
disulfide. TCEP has been used, which reduces the thiols for each of
the aptamer and the backfilling molecule, that is, aptamer—linker—SH
and HS—(CH,),OH.>**° Therefore, 20 uL of 10 uM TCEP
hydrochloride was mixed with a 200 uL aptamer solution for 1 h to
break the sulfide bond allowing conjugation directly to the gold
nanodisks. Afterward, the 200 pL of the S. aureus aptamer was
injected to the flow chamber and incubated under static conditions.
Different incubation times (1, 2, 3, 4 h, and overnight) were examined
and the optical spectra were measured after each incubation time to
optimize the aptamer immobilization. To remove the nonspecifically
adsorbed aptamers, 200 uL 10 M 6-mercapto-1-hexanol in PBS was
injected to the flow chamber and incubated for 30 min under static
conditions in order to backfill the surface and orient the DNA
aptamer. Afterward, the surface was rinsed gently for 3 min with a
1.50 mL/h flow of PBS, and optical spectra were measured.

Preparation of Bacterial Cultures. Cultures were stored in 30%
glycerol at —80 °C and streaked on to 3.7% tryptic soy agar (TSA),
incubated at 37 °C until colonies appeared, and re-streaked on TSA to
obtain single colonies. A single colony was inoculated from TSA to
tryptic soy broth in Erlenmeyer flasks and incubated overnight at 37
°C and 180 rpm/min. Then next day, 1 mL of the culture was
centrifuged at 5000g for 10 min, followed by the removal of the
supernatant. PBS (1 mL) was added and the tube was centrifuged for
10 min at 2000g to rinse the cell pellet. PBS was added to re-suspend
the pellet to an optical density at (OD600) to 0.1.

Surface Functionalization and Bacterial Cell Detection. The
functionalized sensor chip in the flow chamber was exposed to the
mentioned concentration of bacterial cells under flow (1.50 mL/h),
the optical spectra were measured after 30 and 60 min.

FDTD Simulation of the Optical Response of the Nanodisks.
Simulations were carried out with a FDTD solver from Lumerical
Solutions (Canada). The Au dielectric function was taken from
Johnson & Christy,* the organic layers and glass substrate were each
approximated by a constant refractive index. A mesh size of 2 X 2 X 2

nm was used and the simulated area was surrounded by a cube of
perfectly matched layers, this boundary condition was applied to take
into account the absence of long-range ordering in the arrays, which is
intrinsic for the sparse colloidal lithography fabrication approach. The
peak position of the LSPR resonances was measured by estimating the
center of mass of the top 10% of the peak.

Assay Procedure and Sensitivity Test with a Pure Culture of
S. aureus. Various concentrations of serially diluted cell cultures (10°,
10% 10%, 10% 107, and 10° CFU/mL) of S. aureus were used as test
samples on the LSPR chip surface (prepared under the optimum
conditions) to examine the sensor’s LOD.

After the sensor chip was placed into the flow chamber and sealed
carefully, the optical spectra were measured in PBS under flow,
followed by the injection of 200 uL of the aptamer at 15 uM
concentration into the system in static conditions for 4 h, followed by
a gentle rinse. To backfill the surface and oriented the aptamer, 200
UL of the co-thiol 10 #M was injected into the chamber for 30 min
followed by a quick and gentle rinse as before. From this stage, the
optical spectra were measured continuously. Bacteria were introduced
to the system using a syringe pump sequentially, from the lowest
concentration to the highest concentration (10® to 10 CFU/mL) for
30 min for each concentration. A rinsing step with PBS was
conducted for 3 min between each concentration.

Applicability of LSPR Sensing Chip in Food Trials. To
examine the sensor performance in simulated application conditions,
commercially sterilized milk samples were diluted with sterile MQ_
water in a ratio of 1—-10 and spiked with bacteria to give different
serial concentrations of S. aureus (10°, 10% 10°, 105 107, and 10°
CFU/mL). The LSPR chip was placed and sealed onto the flow
chamber and the LSPR spectra were taken in PBS, then the specific
aptamer was assembled on the sensor surface as before. A flow of the
diluted milk without bacteria was introduced to the system for 30 min
to backfill any unspecific binding and set the baseline for measuring
bacterial attachment. Each dilution was introduced to a fresh LSPR
chip in the system under optimal conditions and the LOD was
calculated from the measured LSPR spectra before and after exposure
to the different concentrations of bacteria in the diluted milk. Three
replicates were examined for each dilution.

Examination of the Sensor Selectivity. A mixture of different
bacterial cultures, including equal concentrations of S. aureus, E. colj,
and B. subtilis, were mixed into diluted milk for three experiments.
The concentration of each bacteria in each experiment was 3.3 X 107,
3.3 X 10° and 3.3 X 10° respectively, giving total concentrations of
10%, 10%, and10* The mixtures were introduced to the sensor surface
that had been modified with the S. aureus-specific aptamer. For this
particular experiment, the sensor surface was engineered onto
rectangle glass coverslips which were then attached to the ibidi
multiflow chamber. The sensor was functionalized at optimized
conditions with the S. aureus aptamer as described earlier, followed by
exposure of the surface to the bacterial mixture in milk for 30 min
under static conditions, then the surface was rinsed three times with
PBS and the cells were stained with SYBR Green I, and then imaged
by confocal laser scanning microscopy using a Zeiss LSM700 CLSM,
a 488 nm laser for excitation, and a 20X Plan-Neofluar or a 63X Plan-
Apochromat NA 1,4 objective for visualization.

Other control experiments were carried out with the sensor chip.
The LSPR chip within the flow system was functionalized by the S.
aureus aptamer. The sensor readout in a flow of milk was compared to
the readout after exposure to a flow of E. coli-spiked diluted milk at a
concentration of 10° CFU/mL for 30 min. The LSPR spectra were
obtained and the experiment was repeated 3 times. The same
experiment was carried out with B. subtilis, examining the change in
the LSPR peak position based on presenting spiked milk with B.
subtilis to the sensor chip (n = 1).

Comparison of Aptamer Based and Immune-Based
Detection of S. aureus. The LSPR chip was functionalized with
oriented antibodies against S. aureus. As a first step, the LSPR chip
was immersed in 2 mM 16-mercaptohexadecanoic acid in ethanol
overnight to achieve a well-organized thiol monolayer, followed by
ultra-sonicate treatment in ethanol then in deionized water (5 min
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Figure 2. Schematic design of the LSPR platform—based aptamer sensor device. The LSPR spectra shift corresponding to the adsorption of the
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Figure 3. (A,B) SEM and AFM images of 200 nm Au nanodisks. (C,D) LSPR spectra corresponding to 100 and 200 nm disks, respectively. Scale

bar = 4 ym.

each) to remove unbound thiols. The chips were then dried under
flowing nitrogen. In a subsequent step, the COOH groups of the
thiols were activated through aqueous solution of 100 uM MEDAC/
50 uM NHS which was added to the chip surface for 10 min followed
by rinsing with deionized water, which leads to the formation of NHS-
esters. protein A solution (200 mL;2S ug/mL protein A in Ringer’s
buffer) was injected into the chip under static conditions and
incubated for 5 h."' The system was rinsed with Ringers buffer then
HEPES buffer before injection of 200 L of 20 yg/mL PLL-g-PEG, in
HEPES to the surface for 30 min. Flows of N-(2-hydroxyethyl)-
piperazine-N'-ethanesulfonic acid followed by a flow of PBS were
used for rinsing. The anti-S. aureus antibodies were introduced to the

chamber and incubated overnight (concentrations of 20, 50 and 100
ug/mL were studied to optimize the sensor) followed by blocking
with BSA 2% in PBS for 30 min. Finally, a flow of S. aureus cells
(OD600 = 0.1) was exposed to the surface for 30 min. LSPR spectra
were obtained before and after exposure to bacteria.

Bl RESULTS AND DISCUSSION

Sensor Chip Design. Arrays of plasmonic gold nanodisks
with disk diameters of either 100 or 200 nm, fabricated using
the HMCL technique,18 were employed to enable refracto-
metric detection of S. aureus. The general sensing scheme is
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Figure 5. LSPR spectra before and after aptamer deposition and after exposure to S. aureus cells for 100 nm disk substrates (left panel) and 200 nm
disk substrates (right panel): (a) buffer; (b) DNA aptamer; and (c) S. aureus cells.

shown in Figure 2. SEM and an AFM were used for
characterization of the disks (Figure 3). The optical spectra
of the LSPR of the 100 and 200 gold nanodisks (20 nm
height) were measured with a compact custom build fiber
spectrometer and showed a maximum absorption peak at 650
nm for the 100 nm disks and 990 nm for the 200 nm disks
(under dry conditions).

Sensor Chip Fabrication. LSPRs at plasmonic nano-
particles are sensitive to changes in the dielectric environment
surrounding the nanoparticles.*” Here, we exploit that property
as an analytical system for rapid detection of bacteria. The
sensor chip was fabricated using HMCL (shown in Figure 1)
using the pattern of deposited polystyrene nanoparticles as a
mask to fabricate arrays of gold disks of defined diameter and
height. In the process colloidal nanoparticles were assembled
on top of a thin PMMA layer by electrostatic self-assembly,
then a 20 nm thick titanium layer was deposited to form (after
particle removal by tape striping) a sacrificial hole mask.
Oxygen plasma etching revealed the substrate below the holes
and a 20 nm thick gold layer was deposited with a 2 nm
titanium adhesion layer. Lift off of the PMMA and hole mask
left a short range order gold disk array. The disks have the
shape of truncated cones because the hole in the hole mask
narrows progressively during the deposition of the titanium
adhesion layer and gold layer. The fabricated LSPR chip was
functionalized with the S. aureus specific DNA aptamers with
45 single-strand oligonucleotides; 5’-thiol-C6-TCCCAC-
GATCTCATTAGTCTGTGGATAAGCGTGGGACGTC-
TATGA-thiol-3" as a recognition element to the specific cells.

In the present study, the developed gold nanodisk-aptamer-
based LSPR sensing chips were tested for their detection
performance against S. aureus. The long term perspective is the
development of compact sensing devices to reduce detection
cost and time with improved sensitivity. Aptamer-function-
alized chips were compared to chips functionalized with S.
aureus antibodies as a recognition linker and proved to have
enhanced sensing properties and minimized measurement
steps. There are several additional advantages of aptamers,
such as easy labeling, long-term stability, and lower cost.

Optimization of Conditions for the Conjugation of
Aptamers. To optimize the appropriate concentration and
incubation time that is required for conjugation of the aptamer
to the fabricated LSPR chip surface, different concentrations of
aptamer (5, 10, 15, and 20 uM) and incubation times (1, 2, 3,
4, and 12 h) were examined for the sensor chip surfaces
formed with 200 nm diameter gold disks. The optical response
of the sensor was used to evaluate the aptamer binding. In
response to the change in the thiolated aptamer concen-
trations, the LSPR peak position changed as the local refractive
index increased and displayed the time-resolved binding event.

The thiolated aptamer self-assembles onto the gold surface
via the thiol group.”® Figure 4A,B shows the shift in the LSPR
peak position versus aptamer concentration and exposure time.
Similar binding was observed for bacterial attachment to
homogeneous surfaces functionalized with the aptamer at the
1S and 20 uM conditions so an aptamer concentration of 15
UM was selected to reduce the costs. Four hours was shown to
be sufficient for the aptamer to achieve a stable coverage of the
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gold nanodisks. These conditions were used as an optimal
condition for all the following experiments.

The specificity of the aptamer for S. aureus was confirmed by
comparison of adhesion of E. coli and S. aureus (OD600 = 0.1,
30 min) to the S. aureus-specific aptamer immobilized at
homogeneous gold-coated surfaces (20 nm Au with 2 nm Ti
adhesion layer). The binding of S. aureus to the aptamer was
high, while E. coli attachment to the aptamer was marginal
(Figure 4C) relatively high levels of binding were seen to
unfunctionalized gold surfaces, however, LSPR data confirms
that aptamer monolayers are assembled at the gold surface.

Assay Procedure and Sensitivity Test with a Pure
Culture of S. aureus in PBS. The sensor device was placed in
a custom-built flow chamber (Figure S3) and flushed with 10X
PBS and a base-spectrum was measured. Thereafter, an
aptamer layer was assembled under optimum conditions
(200 pL of 15 uM aptamer was added and exposed to the
chip for 4 h). These conditions allowed the DNA aptamer to
become attached to the Au disk surface.”®*”**** The sensor
surface was backfilled with a “co-thiol”*® of 6-mercapto-1-
hexanol, to minimize aptamer interaction with gold and give
correct orientation. The co-thiol was injected to the surface for
30 min after aptamer immobilization.

Here, we investigated the role of the specific plasmonic
structure on the bacterial detection process. Two gold
nanostructure designs of height 20 nm and diameter either
100 or 200 nm were compared for enhancing the detection
and enlarging the LSPR signal. The two sensor chips were
tested in the flow chambers and exposed to a flow of S. aureus
(OD600 = 0.1, 30 min). Figure S shows representative
extinction spectra for 100 nm disks (Figure S left panel) and
200 nm disks (Figure S right panel) in PBS, after aptamer
immobilization and S. aureus exposure. The response from the
large nanostructure was clearly larger. An average shift of ~4.3
nm standard deviation (SD) 0.8 n = 3] was induced by the
aptamer sensor with the larger nanostructures (200 nm), while
the chip with the smaller nanodisks (100 nm) induced an
average shift of ~0.6 nm (SD 0.5 nm, n = 5) (Figure $).

The performance of the sensor chip with the S. aureus-
specific aptamer recognition layer was compared to an
antibody-based S. aureus recognition layer. Anti-S. aureus IgG
was immobilized and oriented at the surface of the gold
nanostructures in a multilayer procedure to ensure that the
recognition domains of the IgG were presented out from the
surface. Protein A was covalently immobilized at a carboxy-
lated thiol monolayer via EDC/NHS coupling and sub-
sequently used to immobilize IgG through binding to the Fc
domain (see Figure 6 right panel).

The performance of the antibody-based sensor was poor
(Figure S4). With a zero response for the detection of S. aureus
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Figure 6. Schematic representation of the sensing layers at gold
surfaces: aptamer (left panel) and multilayer of alkanethiol/protein
A/IgG (right panel).

(even showing a blue shift) for the immunosensor based on
100 nm disks for and a small ~0.5 nm shift for the sensor
based on 200 nm nanodisks. The response was low despite the
presence of bacteria attached at the sensor surfaces. We cannot
rule out that different binding strengths of the antibody versus
the aptamer could have contributed to the difference in signal.

FDTD Simulation of Optical Response of the Nano-
disks. To understand the dependence of the LSPR optical
response on different nanostructure sizes and shapes and in the
presence of different recognition layers, we performed FDTD
simulations. FDTD is one of the most commonly applied
numerical methods in plasmonics. Figure 7a shows a schematic
of the expected sizes of the Au-APTA sensor and bacteria and a
200 nm diameter nanodisk. In the aptamer-based sensor, the
immobilized layer of the DNA aptamer was represented by a 6
nm thick layer (6.2 nm for an aptamer loop attached to the
surface at both ends and somewhat compressed (45 bp/2) X
0.36 nm per bp X 0.70 for compression also including the ~0.6
nm C6 spacer and thiol but was represented as 6 nm in the 2
nm resolution FDTD model). For the immunosensor, the IgG
presenting layer was represented by a 20 nm thick layer (12
nm for IgG + 6 nm for protein A + 2 nm thiol layer). The S.
aureus cell was represented by a sphere of 1 um in size but in
contact with the complete upper layer of the nanodisk. The
calculated field distributions for the two sizes of the disk at the
resonant wavelength are shown in Figure 7B,C. The changes in
the refractive index sensitivity for different steps in the
experiment were estimated in the FDTD model by adding
layers of higher refractive index and assuming the refractive
index of the DNA aptamer layer to be 1.5 (assuming a mix of
single, double-stranded DNA segments,45 and two alkyl
spacers), the protein layer to be 1.343'® and that representing
the bacteria to be 1.39.*° This simulation resulted in a redshift
for 100 nm disks ~10.5 and 5.8 nm for the DNA aptamer layer
and full bacterial cells, respectively. While, in 200 nm disks, the
wavelength shift with the addition of DNA and bacteria was
12.1 and 10.3 nm, respectively. The simulations gave
significantly larger peak shifts than that found experimentally,
but it should be remembered that not every disk will have an
adhered bacterium and the attachment can be at several
locations on a disk or even between disks by being attached to
two or more disks. The FDTD simulation gave somewhat
different peaks of shapes and position from the experimental
peaks for both Au nanodisks with a diameter of 100 and 200
nm. The simulated structure is one specific size and shape
while the experimental sample represents a distribution of sizes
and aspect ratios, however, the difference between the two
sizes can be seen. The FDTD simulations confirm the
experimental data and show that the larger diameter disks
have resonances at longer wavelengths and have a larger shift
from both the DNA layer and the bacterium. The field plots, as
shown in Figure 7B,C, show that the Au nanodisks with 100
nm diameter have a shorter range sensing field (see the extent
of the green part of the field) compared to the 200 nm
structures which means that a smaller fraction of the bacteria is
placed within the sensitive region of the smaller disks. The
higher sensitivity for the larger disks is likely a combination of
the larger bulk refractive index sensitivity for disks with longer
wavelength resonances and the larger extent of the field.

The FDTD simulations indicated that the use of the DNA
aptamer has an advantage over the antibodies for LSPR sensors
based on both 100 and 200 nm Au disks in terms of the peak
shift resulting from bacterial adhesion. The spectral shift
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Figure 7. Schematic representation of the LSPR-aptasensor expected mechanism (A). Field enhancement distribution image of the cross section
along the center of the 100 nanostructure in (B) and 200 nm structure in (C). FDTD simulation based on sensor device with 100 nm fabricated
nanodisks with antibodies as biorecognition elements in (D); aptamer in (E); 200 nm fabricated nanodisks functionalized with antibodies in (F);

and 200 nm Au disks functionalized with aptamer (G).

corresponding to bacterial attachment was increased by 380%
when the antibodies were replaced by DNA with the 100 nm
disks moving from 1.2 nm (704.9—706.1 nm), in the case of
antibody-based detection, to 5.8 nm (713.2—719 nm) for
DNA aptamer recognition and by 70% with the 200 nm Au
disks with a spectral shift of 6 nm with antibodies (from 933.8
to 939.8 nm) after adding bacteria, in contrast to the case of
aptamer immobilization and the spectral shift of 10.3 nm after
bacterial attachment (945.8—956.1 nm). The significant
increase in sensitivity to bacterial attachment for the aptamer
layer compared to the antibody layer correlates to the
significantly thinner extent of the aptamer recognition layer
(6.2 nm estimated as 6 nm in the simulation) compared to the
antibody-based recognition layer (20 nm). Figure 6 schemati-
cally shows the relative thickness of the two recognition layers.
The sensing region of the LSPR is close to the nanoparticle

surface and the antibody-based recognition layer is sufficiently
thick to lift the sensing event of the bacterial attachment
substantially outside of this sensing region. The sensing region
is larger for larger nanodisks as the optical near-field associated
with the plasmon extends further from the metal surface, and
there is a larger part of the sensitive detection volume for
detection using the antibody system for the larger disks
compared to the smaller disks. Alternative routes to attach the
antibody to the surface could reduce the thickness of this layer,
for example, through direct coupling to the surface and use of
smaller units such as single-chain antibodies or nanobodies.
The layer thickness of the sensing layer is a critical parameter
in the design of LSPR-based sensor systems.

Assay Procedure and Sensitivity Test for S. aureus
Detection. Based on the testing carried out, the 200 nm
diameter aptamer-based LSPR sensing chips were selected for
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Figure 8. (A) Sensor output corresponding to different S. aureus concentrations, (B) representative spectra for the LSPR before and after exposure
to different concentrations of S. aureus cells [(a) aptamer, (b) 103, (c) 10% (d) 10% € 10, (f) 107, and (g) 10° CFU/mL]. Error bars show SD (n =

3—except for starred which are single measurements).

exploration in bacterial detection. The sensitivity and LOD was
measured using serially diluted cell cultures ( 10%,10% 10°, 10,
107, and 10° CFU/mL) of S. aureus. Figure 8b shows
representative extinction spectra obtained for different
concentrations and average peak position shifts was
determined.

The LSPR peak position shifted to longer wavelengths with
increasing concentrations up to approximately 10’ CFU/mL
(Figure 8A,B), suggesting the good quantification capability in
the linear-log detection range with a LOD of 10 CFU/mL. .
aureus induced a significantly larger LSPR peak shift at a
concentration of 10°,

Applicability of LSPR Sensing Chip in Food Trials. To
confirm the practical applicability of the developed sensor chip,
detection of bacteria in milk was evaluated. Commercially
sterilized milk samples were spiked with different serial
concentrations of S. aureus cells (10°, 10% 10°, 105 107, and
10®8 CFU/mL). Each dilution was introduced to the system
and the LOD was tested by the LSPR. The sensor showed a
linear response with a log scale increase of bacteria up to
around 10° CFU/mL, above which the signal increased more
rapidly. The detection limit in the selected food matrix was
similar to that in the pure culture system (Figure 9), indicating

T T T T T
10* 10° 10° 10" 10°

Cell Concentration (CFU/ml)

T
10°

Figure 9. LSPR peak position shift for the detection of different S.
aureus concentrations (CFU/mL) in milk. Error bars show SD, n = 3.

that the developed method is robust and unhindered by
competing molecules in the milk samples. The real-time
measurements were taken for milk samples inoculated with S.
aureus to a concentration of 10°/mL. The experiment revealed
that the change of LSPR spectral was achieved rapidly (in
around 120 s) after the milk sample was injected into the flow
system (Figure 10).
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Figure 10. Real-time measurement of a diluted milk sample that was
spiked with 10 CFU/mL S. aureus cell concentration. The spiked
milk sample was injected into the flow after 30 min of milk flow
shown as at 60 s and the shift occurred at 180 s.

The number of bacteria binding to the sensor surface from
milk under different concentrations was confirmed by
fluorescent microscopy. Here, the sensor device was fabricated
onto a rectangular coverslip 25 X 60 mm and applied to a
commercial (ibidi chamber) fluidic channel to allow the
introduction of bacteria and exposure under static conditions.

Three different S. aureus cell concentrations 108, 10, and
10* CFU/mL were injected to the ibidi channels and incubated
for 30 min under static conditions. The attached cells were
subsequently imaged by confocal microscopy and counted by
ImageJ to confirm that the sensor device responses to the
varied cell concentrations in a various methods agreed with the
spectral measurements (Figure 11).

Examination of the Sensor Selectivity. The first test
was done to explore if the S. aureus could bind to the aptamer
surface in the presence of other bacteria. A mixture of 3
different bacterial cells (S. aureus, E. coli and B. subtilis) was
prepared in the milk sample with equal concentrations of each
bacteria to give 10° 10% and 10* CFU/mL as final
concentrations. Figure 12A shows images of SYBR Green I
labeled bacteria attached to the S. aureus aptamer-coated
sensor surfaces. The S. aureus can be distinguished from the
other bacteria by its spherical shape and almost no E. coli and
B. subtilis were identified.

The sensor selectivity was studied by comparison of the
binding of E. coli and B. subtilis to the sensor surface
functionalized with the aptamer against S. aureus. Separate
experiments were carried out for both E. coli and B. subtilis in
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Figure 11. (A) Number of attached cells onto the sensor surface/mm?, error bars show SD, n = 3 and three images were taken from each sample;
(B) confocal images taken at 20X visualizing the attached S. aureus cells on the sensor device (left 10° CFU/mL, center 10° CFU/mL, right 10*
CFU/mL), scale bar is 10 ym in all images, the inset images were taken at 63X (C) orthogonal view of the attached S. aureus cells onto the sensor
surface, cells attached at the surface were highlighted with arrows. Objective 63X and the scale bar is 10 ym.

parallel, the milk sample was spiked by each bacteria separately
with a concentration of 10®° CFU/mL then it was exposed to
the sensor surface for 40 min and showed only a minor peak
shift in the LSPR position (see Figure 12B LSPR shift 0.2 nm
with SD = 0.04 n = 3 & Figure 12C LSPR shift for 0.14 nm).

Repeatability and Reliability of the Sensor. The sensor
chips were produced from several production batches which
showed a maximum absorption peak at 650 nm for the 100 nm
disks and 990 nm for the 200 nm disks (under dry conditions)
with a variation of around +10 nm between batches. This
variation in peak position results from material fabrication
issues, such as polymer and metal film thickness during
processing, and can likely be improved. This level of peak
position variation will only vary by a few percent in the
refractive index sensitivity.

Advantages of the Device. Milk and its products are
implicated in staphylococcal food poisoning (SFP)* as raw
milk can be contaminated as a result of S. aureus mastitis,
which poses a serious problem in dairy. S. aureus causes
SFP.*" S, aureus or its enterotoxins might remain even in
pasteurized milk and a level of 500,000—1,000,000 S. aureus
cells per gram is needed for the S. aureus toxin to reach levels
that cause food poisoning.”® However, levels of S. aureus
organisms in raw milk or other dairy products equal to
10*CFU/mL are indicators of a lack of sanitary conditions and
risk of contamination.* Therefore, identification of the level of
S. aureus in milk during the production process is considered a
CCP for this hazard.

The LSPR-Apta sensor based on 200 nm diameter
nanodisks, developed in this study, produced an LSPR
detection measurement of S. aureus in less than S min and
could quantify within 30 min. The developed sensor chip can
be used as a portable detector for evaluating and monitoring
the CCP through bulk milk production steps with a LOD of
10° CFU/mL for controlling the hazards and improving safety
standards for hindering SFP.

Other developed approaches such as via PCR amplification
of bacterial DNA have been shown to detect lower levels of S.
aureus (e.g. 10> CFU/mL in shrimp homogenate spiked with
pure culture after enrichment for 6 h®") but take longer times
or require more complicated processes. The LSPR system is
instrumentally simpler than many other sensing devices such as
SPR, as the instrument consists only of a light source, a
chamber, and a detector and has the potential for online
detection with short detection times (down to 120 s). The
localized sensing of the approach means that the bulk refractive
index gives negligible effects compared to the signal.

B CONCLUSIONS

In this work, we carry out the proof of principle studies of the
response of an LSPR as a label-free sensor for bacteria
detection. A DNA aptamer was used as a recognition element
to capture bacteria within the local optical field of an optically
active metal nanostructure and provide a colorimetric readout.
The gold nanodisks were fabricated on a glass substrate by a
parallel self-assembly based patterning approach (HMCL). A
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Figure 12. (A) Confocal images for surfaces exposed to mixed cell cultures (S. aureus, E. coli, and B. subtilis) with three different concentrations 10,
10% and 10* showing that almost only S. aureus cells were attached (the arrows point to the nonspherical shapes that may indicate small numbers
of E. coli and B. subtilis). (B,C) LSPR spectra of 200 nm disks before and after exposure to the aptamer and after exposure to E. coli or B. subtilis
cells respectively, with a very limited peak shift ~0.2 nm n = 3, SD = 0.06 n = 3 for E. coli and 0.14 for B. subtilis n = 1 (a = PBS, b = aptamer = E.

coli cells).

comparison of the aptamer to antibody-based recognition
approaches indicated that the thickness of the sensing layer
was critical with a significantly larger response for the thinner
aptamer layer. Comparison of the differently sized metal
nanostructures showed a significantly higher sensitivity for 200
nm diameter compared to 100 nm diameter disk structures
resulting from both increases in the bulk refractive index
sensitivity and the extent to which the local field extends out
from the metal surface.’”>> These experimental results were
confirmed by FDTD electrodynamic calculations of the
sensing response for different layer thicknesses and different
nanostructures. Finally, the sensor performance was demon-
strated in a complex food matrix (milk). This developed sensor
platform has the potential for application as a compact
bacterial sensor in food production systems.
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